We provide an overview of groundbreaking studies that laid the foundation for our current understanding of exercise-induced mitochondrial biogenesis and its contribution to human skeletal muscle fitness. We highlight the mechanisms by which skeletal muscle responds to the acute perturbations in cellular energy homeostasis evoked by a single bout of endurancebased exercise and the adaptations resulting from the repeated demands of exercise training that ultimately promote mitochondrial biogenesis through hormetic feedback loops. Despite intense research efforts to elucidate the cellular mechanisms underpinning mitochondrial biogenesis in skeletal muscle, translating this basic knowledge into improved metabolic health at the population level remains a future challenge. E xercise represents a major challenge to multiple whole-body homeostatic functions. In an effort to overcome this challenge, numerous responses take place at the cellular and systemic levels that operate to blunt the homeostatic threats generated by exercise-induced increases in muscle energy turnover and oxygen demand . The capacity of skeletal muscle to adapt to repeated bouts of activity such that physical capacity is enhanced is termed exercise training. When considering endurance-based exercise (e.g., sustained activities that are .10 min duration and performed at 60% -90% of maximal oxygen uptake [VO 2max ] including sprint-interval training), the goals of such exercise are to induce an array of physiological and metabolic adaptations that enable an individual to increase the rate of energy production from both aerobic pathways, maintain tighter metabolic control (i.e., match adenosine triphosphate (ATP) production with ATP hydrolysis), minimize cellular perturbations, increase efficiency of motion, and improve the capacity of the trained musculature to resist fatigue (Hawley 2002) . The mechanisms by which active muscle senses homeostatic perturbations and then translates them into improved function has been a topic of intense research for several decades. It is now recognized that a variety of cellular disruptions take place at the onset of exercise including (but not limited to) increased cytoplasmic free [Ca 2þ ], increased free AMP (AMPf ) and an increased adenosine diphosphate (ADP)/ATP ratio, reduced creatine phosphate (PCr) and glycogen levels, increased fatty acid and reactive oxygen/nitrogen species (ROS/RNS), acidosis, and altered redox state, including [NAD/NADH] . Within the context of metabolic homeostasis, an array of regulatory networks are stimulated that sustain rates of ATP synthesis over time through the activation of rate-limiting enzymes controlling carbohydrate and fat catabolism. A long-standing question in exercise biology is how these acute disruptions in cellular signals that maintain energy supply also stimulate long-term adaptive processes that improve the ability of muscle to sustain a future contractile challenge. Indeed, this process of translating acute threats to essential homeostatic functions into positive adaptations is termed "hormesis" and underscores the principle of how exercise improves muscle health.
A key component of improved "muscle fitness" following exercise training is mitochondrial biogenesis, a highly coordinated process that requires the coordination of multiple cellular events, including transcription of two genomes (nuclear and mitochondrial), the synthesis of lipids and proteins, and the coordinated assembly of multisubunit protein complexes into a functional respiratory chain as reviewed by Hood (Hood 2001) . This sequence of events ultimately results in an expansion of total muscle mitochondrial volume and this greater mitochondrial network improves the cell's ability to match ATP production with ATP hydrolysis, thereby minimizing the very disruptions to cellular homeostasis that occurred in the first place (Fig. 1) . This review will present a brief historical overview of some of the seminal discoveries that have helped unravel the cellular events that underpin mitochondrial biogenesis as well as the more recent explosion of research into our current understanding of the signaling and genomic mechanisms regulating this process. We will focus on major breakthroughs in this area and for more detailed discussion of specific topics, the reader is referred to other reviews describing the various signaling networks involved in mitochondrial biogenesis following exercise (Wu et al. 1999; Lin et al. 2005; Hood et al. 2011) .
EXERCISE TRAINING -INDUCED INCREASES IN MITOCHONDRIA AND ENDURANCE CAPACITY
Early work in the 1950s on a variety of animal species revealed a strong relationship between the ability of a muscle to perform prolonged submaximal exercise and its content of respiratory enzymes (Paul and Sperling 1952; Lawrie 1953) . Based on these observations, Holloszy (1967) hypothesized that such differences might be the result of an "adaptive process" that is linked to the level of habitual muscle contractile activity. To test this possibility, Holloszy subjected rats to a vigorous and intense program of treadmill running and showed exercise training induced an increase in skeletal muscle mitochondrial enzyme activities (Holloszy 1967) . In that study, mitochondria from muscles of exercise-trained animals showed higher levels of respiratory control and tightly coupled oxidative phosphorylation compared with muscle from untrained animals. This increase in electron transport capacity was associated with a concomitant increase in the ability to produce ATP and was, in large part, responsible for the prolonged endurance running time observed after training. A key innovation of Holloszy's exercise protocol was the use of intense interval run training, based on a recognition that any exercise signal needed to exceed a minimum "threshold stimulus" to induce metabolic and morphological adaptations in muscle. Indeed, the training regimen pioneered by Holloszy might be viewed as the original prototype for the current wave of sprint-intensity interval training protocols now widely accepted as a potent stimulus for physiological remodeling in humans (MacDougall et al. 1998; Parra et al. 2000; Rodas et al. 2000; Burgomaster et al. 2005; Perry et al. 2007 Perry et al. , 2008 Yeo et al. 2008; MacInnis and Gibala 2016) .
The work of Holloszy (1967) showed that skeletal muscle displays a remarkable plasticity, with the capacity to alter both the type and amount of protein in response to disruptions in cellular homeostasis induced by the habitual level of contractile activity. That study (Holloszy 1967) paved the way for subsequent work showing that increases in mitochondrial enzyme activity in rodent muscle following several weeks of exercise training were related to a greater mitochondrial number and size with more densely packed cristae (Gollnick and King 1969) . A crucial finding was that the increased mitochondrial enzyme activities following training were not accompanied by increases in the cytosolic enzymes creatine kinase and adenylate kinase, giving credibility to the idea that improved ATP synthesis via oxygen-dependent pathways was a defining feature of exercise trained muscle (Oscai and Holloszy 1971) . Subsequent studies in humans corroborated this hypothesis. Longitudinal exercise training (Varnauskas et al. 1970 ) and cross-sectional comparisons between trained and untrained men revealed higher maximal mitochondrial enzyme activities in samples taken from the vastus lateralis muscle (Booth and Narahara 1974) and greater mitochondrial volume based on electron microscopy techniques (Hoppeler et al. 1973 ) that were positively associated with training-induced improvements in whole-body maximal oxygen uptake (VO 2max -sensitive signaling kinases, respectively, which activate specific proteins regulating gene transcription. Successive exercise sessions (i.e., endurance exercise training) results in repeated and transient increases in messenger RNA (mRNA) encoding mitochondrial proteins as well as transcriptional proteins, which likely enhance the genomic response to subsequent exercise challenges. The repeated drive for protein translation increases mitochondrial protein import and assembly, thereby expanding mitochondrial volume. The hormetic response is complete when the functional capacity of mitochondria has improved, which enables the muscle to better maintain energy and calcium homeostasis during future challenges. MAPK, Mitogen-activated protein kinase; CaMK, calmodulin-dependent protein kinase. (From Hood 2001; adapted, with permission.) showed that endurance training increased mitochondrial content concurrent with mitochondrial enzyme activities and VO 2max , but such an effect was attenuated in older individuals (Kiessling et al. 1974) . These findings were the first to suggest that the muscle's "plasticity capacity" may be compromised with aging. Nevertheless, these findings contributed to the belief that whole-body aerobic capacity was limited not only by the oxygen delivery/transport system (i.e., "central" cardiorespiratory factors) but potentially by "local" skeletal muscle mitochondrial content, consistent with the working muscle's role as the end user of oxygen during ATP production.
In the 1970s in North America, a series of independent but related studies conducted largely in rodents contributed to a model that sought to explain how mitochondrial content was related to improved metabolic control in skeletal muscle during exercise. This model held that a greater mitochondrial content improved respiratory sensitivity to free ADP (ADPf ), whereby a given rate of aerobic ATP production necessary to support muscle contraction would require a smaller increase in [ADPf ] at the onset of exercise caused by the expanded mitochondrial volume (Oscai and Holloszy 1971; Gollnick et al. 1973; Holloszy and Booth 1976; Holloszy and Coyle 1984) . Simultaneously, in Europe, this concept was further developed in studies of human skeletal muscle. Specifically, it was proposed that the accelerated induction of oxygen consumption at the onset of heavy exercise would be attenuated by exercise training, decreasing the rise in modulators of oxidative phosphorylation that would result in less stimulation of glycolysis and a greater proportion of energy being derived from fat oxidation (Gollnick and Saltin 1982) . This premise was elegantly tested by a seminal investigation from Terjung's group in 1987 in which they compared skeletal muscle from trained and untrained rats. This study showed that a greater training-induced increase in the maximal activity of cytochrome c oxidase (a marker of mitochondrial content) was associated with less of an increase in ADPf during acute muscle contraction in the face of less usage of PCr and flux of ATP to AMP and IMP as well as decreased glycolysis (Dudley et al. 1987) . These associations were, at the time, viewed as compelling evidence for the major role that mitochondria played in overall metabolic control in skeletal muscle. Arising from these and other observations, renewed interest focused on the potential mechanisms by which exercise training stimulated mitochondrial biogenesis. Despite the complexity of exercise training -induced response, largely arising from training protocols of different intensity, volume, and duration, there was an association between the improvements in mitochondrial oxidative capacity and the intensity of training (Dudley et al. 1982) , although differences in muscle fiber types sometimes confounded this observation (Hickson et al. 1976; Dudley et al. 1982) . Nonetheless, work at that time stimulated great interest in the cellular signals generated during exercise and how they manifested in the greater training-induced mitochondrial content. However, it was not until the late 1980s that exercise was shown to stimulate the expression of nuclear genes that encoded mitochondrial proteins, albeit through unknown signaling cascades and genetic regulators.
THE DAWN OF MOLECULAR BIOLOGY The Molecular Basis of Exercise Training -Induced Mitochondrial Biogenesis
One of the first studies to probe the molecular basis of how muscle contraction increases mitochondrial proteins was that of Williams et al. (1986) . These researchers observed increases in cytochrome b messenger RNA (mRNA) as well as markers of mitochondrial content (citrate synthase [CS] activity and mitochondrial DNA) following a protocol of chronic electrical stimulation of rabbit tibialis anterior muscle. The increase in CS activity suggested contraction coordinated the expression of the nuclear genome with the mitochondrial genome (cytochrome b mRNA) (Williams et al. 1986 ). Such a premise was subsequently proven when Hood and coworkers (Hood et al. 1989) showed that chronic contraction of rat tibialis anterior coor-dinated the expression of a complex mitochondrial respiratory protein complex-cytochrome c oxidase-that is derived from both genomes. It was also verified that increases in both CS activity and mitochondrial DNA expression (mRNA) increased following short-term exercise training in rodents (Morrison et al. 1989) . Such increases in CS activity following exercise training were later shown to be related to sustained increases in CS mRNA for at least 24 hours after a single bout of exercise but also after 1 week of training (Neufer and Dohm 1993) , which further cemented the concept that protein translation stems from repeated but transient increases in mRNA content.
The next two decades marked the discovery of several transcription factors with important roles in the regulation and expression of the nuclear genes encoding mitochondrial proteins. It was recognized that specific families of mitochondrial proteins are regulated by specific transcription factors, including nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) that bind to the promoters and activate transcription of genes that specifically encode mitochondrial respiratory chain proteins (Chau et al. 1992; Kelly and Scarpulla 2004; Scarpulla 2006) . Moreover, the belief that both nuclear and mitochondrial genomes may be coordinately regulated gained the ascendancy. Initially, it was found that NRF-1 activates expression of the nuclear gene that encodes mitochondrial transcription factor A (TFAM), which accumulates in the mitochondria and regulates transcription of the mitochondrial DNA ( Transcriptional control of mitochondrial biogenesis. Stimuli generated during contraction are transmitted by specific signaling cascades to the transcriptional cofactor peroxisome proliferator-activated receptor g coactivator (PGC)-1a, which translocates into the nucleus and coactivates several other transcription factors that regulate specific genetic programs encoding families of mitochondrial proteins. Both PGC-1a and a homologous isoform PGC-1b are involved but have been shown to be dispensable in this process (Ballmann et al. 2016) , suggesting redundant signals exist that do not require these coactivators (not shown). Subsequent increases in steady-state messenger RNA (mRNA) drive protein translation that leads to expansion of the mitochondrial reticulum. An autoregulatory loop exists whereby PGC-1a induces its own expression leading to increases in PGC-1a protein following exercise. Contraction also induces the expression of mitochondrial DNA that encodes specific proteins within the electron transport chain. MEF, Myocyte enhancer factor; PPAR, peroxisome proliferator-activated receptor coactivator; NRF, nuclear respiratory factor; TFAM, mitochondrial transcription factor A; ADPf, free ADP; AMPf, free AMP; mtDNA, mitochondrial DNA.
NRF-1-binding sites, other transcription factors are obviously involved in contractile-modulated mitochondrial biogenesis, including the peroxisome proliferator-activated receptor coactivators (PPARs), which regulate expression of the mitochondrial fatty acid oxidative enzymes (Kelly and Scarpulla 2004) . Another major breakthrough was the discovery of the peroxisome proliferator-activated receptor g coactivator 1a (PGC-1a), an inducible coactivator that regulates the coordinated expression of mitochondrial proteins encoded in the nuclear and mitochondrial genomes (Puigserver et al. 1998; Wu et al. 1999; Hood 2001; Scarpulla 2002; Lin et al. 2005; Scarpulla 2006 ). An important functional feature of the PGC-1a coactivator is that it interacts with different transcription factors to activate distinct biological programs in different tissues rather than bind to DNA directly (Puigserver et al. 1998; Wu et al. 1999; Hood 2001; Scarpulla 2002; Lin et al. 2005; Martinez-Redondo et al. 2015) . Indeed, the effect of PGC-1a on mitochondrial biogenesis is probably explained at least in part by the finding that in addition to being a coactivator of PPARg, PGC-1a coactivates NRF-1 (Wu et al. 1999) , and PPARa (Vega et al. 2000) . PPARa plays a key role in the transcriptional control of the mitochondrial enzymes involved in the oxidation of fatty acids (Gulick et al. 1994) , which may represent one mechanism by which exercise improves the capacity for fat oxidation. Similar roles in mitochondrial biogenesis were also discovered for PGC-1b (Lin et al. 2002a; Meirhaeghe et al. 2003; Lelliott et al. 2006) . With regard to exercise-induced skeletal muscle adaptation, PGC-1a has been proposed as a key regulator of mitochondrial biogenesis that responds to neuromuscular input and the prevailing contractile activity. A single bout of endurance exercise induces a rapid increase in PGC-1a mRNA and protein in both rodent (Baar et al. 2002; Terada et al. 2002; Meirhaeghe et al. 2003; Koves et al. 2005; Frier et al. 2011) and human skeletal muscle (Pilegaard et al. 2003; Norrbom et al. 2004; Watt et al. 2004; Cartoni et al. 2005; Russell et al. 2005; Hellsten et al. 2007; Mortensen et al. 2007; De Filippis et al. 2008; Mathai et al. 2008; Edgett et al. 2013; Cochran et al. 2014) . Egan et al. (2010) reported a graded response whereby larger increases in PGC-1a mRNA in skeletal muscle of untrained humans were seen with energy-matched work bouts of short duration and high intensity (≏80% VO 2peak ) compared with prolonged duration, low-intensity (≏40% VO 2peak ) cycling. Similar findings were seen by Edgett et al. (2013) , although the magnitude of PGC-1a mRNA increase was attenuated at exercise above VO 2max . Moreover, the graded response of PGC-1a mRNA and exercise intensity observed in the study by Egan et al. (2010) was associated with a greater upstream phosphorylation of the AMP-activated protein kinase (AMPK), Ca 2þ /calmodulin-dependent protein kinase (CaMK)II, and the p38 mitogen-activated protein kinase ( p38 MAPK), which are bona fide energy-exercise-sensitive kinases, and also regulate PGC-1a transcription and/or activity (discussed in a subsequent section) (Puigserver et al. 2001; Akimoto et al. 2005; Irrcher et al. 2008) . Furthermore, a single bout of exercise has been associated with accumulation of PGC-1a in both nuclear Little et al. 2010; Safdar et al. 2011 ) and mitochondrial (Safdar et al. 2011 ) compartments possibly following its translocation from the cytoplasm.
Endurance exercise training also increases PGC-1a mRNA expression as well as protein in both rodent and human skeletal muscle (Goto et al. 2000; Pilegaard et al. 2003; Russell et al. 2003; Short et al. 2003; Taylor et al. 2004; Garcia-Roves et al. 2006; Kuhl et al. 2006; Sriwijitkamol et al. 2006; Perry et al. 2010; Granata et al. 2016) , further supporting its role in regulating mitochondrial biogenesis. The increase in PGC-1a protein with exercise training is likely related to the fact that PGC-1a autoregulates its own promoter through the transcription factor myocyte enhancer factor 2 (MEF2) (Fig. 2) (Handschin et al. 2003) . Additional evidence for a key role for PGC-1a in exercise training comes from studies in which PGC-1a has been overexpressed in skeletal muscle resulting in a "classic" exercise-adaptation profile, including a large increase in functional mitochondria (Lin et al. 2002b ), improvements in whole-body VO 2max , a shift from carbohydrate to fat fuels during submaximal exercise, and improved endurance performance (Calvo et al. 2008) . The notion that PGC-1a is essential for endurance training adaptation, however, has been challenged by findings that contractioninduced mitochondrial biogenesis is still observed in PGC-1a knockout mice (Leick et al. 2008) or double PGC-1a/b isoform knockouts (Ballmann et al. 2016 ). This biological redundancy indicates that perhaps the only obligatory response to exercise is the defense of homeostasis itself ) and serves to highlight the complex and extensive network of responses involved in exercise, involving many interdependent pathways with a high degree of cross talk, feedback regulation, and transient activation. Notwithstanding the results from "loss-of-function" models, it seems safe to place PGC-1a as a central player in orchestrating many of the oxidative adaptations to exercise. Of recent interest are the observations that commencing endurance-based exercise with low muscle glycogen availability results in greater activation of many signaling proteins with putative roles in mitochondrial biogenesis compared with when the same exercise is undertaken with normal glycogen concentration (Hawley and Morton 2014) . These findings suggest that nutrient availability is a potent signal that can modulate the acute cellular responses to a single bout of exercise. When exercise sessions are repeated (i.e., training) in the face of low glycogen availability, the phenotypic adaptations resulting from such interventions are also augmented.
Recently, the tumor suppressor protein p53 has emerged as another transcription factor with a role in exercise-induced mitochondrial biogenesis in skeletal muscle. This protein is presumably activated by the AMPK and/or p38 MAPK (see subsequent discussion). Indeed, p53 knockout mice showed that p38 MAPK was not activated following exercise concomitant with an attenuated activation of AMPK as well as CaMKII (see below) (Saleem et al. 2014) . Furthermore, p53 knockout mice display reduced endurance exercise capacity compared with wild-type mice, along with reduced subsarcolemmal and intermyofibrillar mitochondrial content and PGC-1a expression and an absence of mRNA transcripts related to mitochondrial biogenesis following exercise (Saleem et al. 2009 ). It has been suggested that p53 regulates exercise-induced mitochondrial biogenesis through its interaction with TFAM in the mitochondria, which coordinates expression of the mitochondrial genome (Bartlett et al. 2014 ).
Sending the Signal: From Kinase Activation to Increased Gene Expression
Although intense research efforts focused on several transcription factors involved in contraction-induced mitochondrial biogenesis, studies were also being undertaken to discover the "missing link" between upstream signaling cascades and the increased gene expression following exercise. In this regard, the AMPK was revealed to be an important regulator of PGC-1a. AMPK is a member of a metabolitesensing protein kinase family that functions as a metabolic "fuel gauge" in skeletal muscle, consisting of an a catalytic and b and g regulatory subunits that exist in multiple isoforms and are all required for full enzymatic activity. Seminal work discovered the AMPK was triggered in response to exercise-induced elevations in [AMPf ] (Winder et al. 2000) and that this activation of AMPK was exercise intensitydependent (Chen et al. 2003; Wadley et al. 2006) . In this context, the insights of Holloszy (1967) made almost five decades ago are of relevance. In this study, Holloszy speculated that "the intracellular concentrations of numerous substances, including pyruvate, lactate, Pi, ADP, and AMP ... may act as an inducer of the biosynthesis of the enzymes involved in mitochondrial electron transport." Support for this contention is evidence from human work showing that the rapid and transient activation of AMPK after strenuous exercise is associated with peak elevations in [AMPf ] (McConell et al. 2005) . After a period of training, these rapid increases in [AMPf ] and AMPK activation are attenuated during exercise under-taken at the same absolute ( pretraining) work rate, which may, in part, explain why mitochondrial biogenesis slows and eventually reaches a plateau (McConell et al. 2005) . This is consistent with the concept that muscle adaptation is a product of persistent disruptions to cellular homeostasis, which improves the ability of muscle to maintain cellular homeostasis during a subsequent exercise challenge (i.e., "hormesis") and explains the attenuated activation of mRNA transcripts for mitochondrial biogenesis as training progresses (Perry et al. 2010) , although this observation is equivocal (Pilegaard et al. 2003) . Such observations provide, in part, mechanistic evidence for why training regimens must use a progressive overload stimulus to the contracting muscles once adaptation and/or performance has plateaued.
AMPK induces mitochondrial biogenesis partly by directly phosphorylating and activating PGC-1a (Jager et al. 2007 ) as well as the transcriptional repressor histone deacetylase 5 (HDAC5), which relieves inhibition of the transcription factor myocyte enhancer factor 2 (MEF2), a known regulator of the PGC-1a gene (McGee and Hargreaves 2010). Although whole-body deletion of AMP b2 reduces muscle AMPK activity and exercise capacity (Steinberg et al. 2010) , deletion of the a subunit of AMPK does not impair exercise-induced mitochondrial biogenesis (Jorgensen et al. 2005; Fentz et al. 2015) . These and the results of other studies clearly show that normal responses and adaptations to both acute exercise and chronic exercise training can be seen when one or more key pathways are absent or blocked, indicating that there is both biological redundancy and compensatory up-regulation of other exerciseinduced pathways with putative roles in mitochondrial biogenesis.
A second critical signal that promotes mitochondrial biogenesis is the pulsatile increase in [Ca 2þ ] observed at the onset of muscle contraction. Early work compared a variety of calcium signaling pathways, including calcineurin (CaN) and isoforms of calmodulin kinase (CaMK) that were known to be regulators of PGC-1a expression itself (CaN; Handschin et al. 2003) or mitochondrial biogenesis in nonexercise models (CaMK; Wu et al. 2002; Wright 2007) . Studies inhibiting or deleting each protein in mouse models revealed that exercise-induced mitochondrial biogenesis was unaffected (Akimoto et al. 2004; Garcia-Roves et al. 2006) , despite the fact that at least CaMK is activated in association with increased calcium spikes in human muscle during exercise (Rose and Hargreaves 2003; Rose et al. 2007 ). The consistent activation of these pathways during exercise suggests they have some role in the adaptive process to exercise, but that there exists physiological redundancy as with the PGC-1 isoforms (discussed previously).
The p38 MAPK is another calcium-signaling pathway that plays a role in contractioninduced mitochondrial biogenesis. The p38 MAPK phosphorylates and activates PGC-1a (Knutti et al. 2001; Puigserver et al. 2001; Fan et al. 2004 ) and translocates PGC-1a from the cytoplasm to the nucleus before increases in gene transcripts for mitochondrial proteins (Wright 2007 ). As discussed above, the translocation of PGC-1a first reported in rat muscle and subsequently verified in humans (Little et al. 2010 ) is thought to be a major mechanism by which PGC-1a activity was regulated by contraction. Indeed, the balance of evidence suggests that the AMPK and p38 MAPK are two important signaling cascades that converge on PGC-1a and consequently the regulation of mitochondrial biogenesis through contractionmediated perturbations in muscle metabolites (i.e., [AMPf ]/[ATP]) and ionic status (i.e., calcium handling). Overall, Ca 2þ is a major contraction-induced stimulus for PGC-1a-mediated mitochondrial biogenesis (Chin 2005; Wright 2007 ), but the relative importance of each pathway following exercise remains to be determined.
Time Course of Events Leading to Exercise Training -Induced Mitochondrial Biogenesis
The time course of the exercise-induced increases in mRNA and protein are discordant, indicating that the extent to which a protein will increase in response to an adaptive stimulus cannot be predicted from the increase in mRNA alone. As previously noted (Baar et al. 2002) , this makes the measurement of protein concentrations critical when studying the adaptive responses to exercise. It has been proposed that the exercise-induced increase in mitochondrial content is the result of the cumulative effects of repeated but transient increases in mRNA, encoding mitochondrial proteins that occurred in the recovery period from successive and additive exercise challenges (Williams and Neufer 1996; Pilegaard et al. 2000; Booth and Neufer 2006) . To test this hypothesis, two short-term human training studies using serial muscle biopsy sampling throughout the training intervention have recently been reported (Perry et al. 2010; Egan et al. 2013 ). These investigations examined the early time course of several potential transcriptional, translational, and morphological processes that are involved in mitochondrial biogenesis during exercise training in human skeletal muscle. These studies used high-intensity interval training (HIIT) performed daily (14 sessions, 2 weeks) (Egan et al. 2013) or on every other day (nine sessions, 3 weeks) (Perry et al. 2010) . Perry et al. (2010) showed an increase in exercise-induced mRNA before the initial increase in protein for specific mitochondrial enzymes and transcription proteins including both PGC-1 isoforms. However, both the timing and magnitude of mRNA and protein responses varied considerably for mRNA encoding transcriptional and mitochondrial proteins as well as the protein contents themselves, which was also shown by Egan et al. (2013) . Furthermore, the mRNA response to exercise was attenuated as the muscle adapted to the exercise challenge, even as the training intensity increased (Perry et al. 2010) , although this is not seen for all proteins (Egan et al. 2013) but may depend on the biopsy time-point. Taken collectively, these studies showed diverse time-dependent responses in genes encoding transcription factors and mitochondrial proteins, as well as protein accumulation of selected markers of mitochondrial biogenesis, and highlight how the induction and perpetuation of mitochondrial biogenesis involves time-dependent roles for different transcriptional targets. Furthermore, these studies showed, in humans, the important concept that early and rapid upregulation of transcriptional proteins during training likely amplifies the "transcriptional sensitivity" (Perry et al. 2010) of the cell to a subsequent bout of exercise, thereby permitting sustained synthesis of mitochondrial proteins (Fig. 3) . However, the precise role of increased mitochondrial content in mediating improved metabolic control early in training was challenged in the 1990s when reduced glycogenolysis and lactate accumulation were noted after only 5-7 days of training without concomitant increases in succinate dehydrogenase and CS (Green et al. 1992) . The interplay between mitochondrial content and nonmitochondrial adaptations such as improved regulation of muscle blood flow, substrate transport, and posttranslational control of metabolic proteins remains an outstanding challenge to be resolved.
OTHER MECHANISMS PROMOTING MITOCHONDRIAL BIOGENESIS
Although considerable work has shown that additional regulation of mitochondrial biogenesis exists at the level of protein import into mitochondria following muscle contraction in rodents (Joseph et al. 2010; Hood et al. 2011) , less attention has focused on posttranscriptional control at the level of protein translation or mRNA stability. Recent results suggest mRNA stability decreases with muscle contraction or exercise in rodents (Lai et al. 2010 ) along with increased mRNA-destabilizing proteins (Lai et al. 2010; Matravadia et al. 2013 ) and possibly with mRNA-stabilizing proteins (Lai et al. 2010) . In this regard, it has been suggested that mRNA destabilization is actually beneficial for accelerating adaptive responses in a subsequent bout of contraction (Lai et al. 2010) . Alternatively, automatic degradation following mRNA synthesis may ensure that tight control of mitochondrial biogenesis is maintained at all times to avoid excessive protein translation. Mitochondrial degradation through "mitophagy" may lead to a new era of research of how exercise may promote mitochondrial degradation as a "quality control" measure to facilitate regeneration as previously shown in rodents through a PGC1a-dependent manner (Vainshtein et al. 2015) . Furthermore, mitochondrial biogenesis likely involves an extensive remodeling process whereby mitochondria are formed into a tubular reticulum particularly in intermyofibrillar mitochondria that shape them around the myofibrils (Ogata and Yamasaki 1997) , which likely optimizes spatial distribution of energy. On this note, exercise training increases human muscle mitochondrial fission proteins but not fusion proteins (Perry et al. 2010; Egan et al. 2013) , suggesting fission is an important component of the mitochondrial remodeling that likely takes place during reticulum elongation following training (Kirkwood et al. 1987) . What is apparent is that the proteins that undergo cumulative responses to endurance-based exercise training are in a constant state of flux, the concentration of which reflects the balance between synthesis and degradation at any given time.
In addition, those proteins with fast turnover rates that show rapid, but unsustained, changes in mRNA expression in response to exercise (e.g., transcription factors, activating cofactors, etc.) may be critical for amplifying the induction of genes encoding for proteins with longer half-lives that increase progressively with training. Finally, although the intense focus on AMP and calcium signal induction of mitochondrial biogenesis has dominated much of the literature, the role of ROS (Powers et al. 2011; Gomez-Cabrera et al. 2015) , fatty acid ligands on PPARs (Gilde and Van Bilsen 2003) , NAD/NADH via sirtuin-mediated deacetylation (White and Schenk 2012; Hood et al. 2016) , and other signals have been implicated as additional regulators. However, the relative importance of each signal remains to be determined. Since publication of the seminal investigation by Holloszy (1967) , considerable effort from many independent laboratories around the world have advanced our understanding of how exercise activates cellular, molecular, and biochemical pathways with regulatory roles in the training-response adaptation. However, much work still remains before we fully understand how additional levels of control regulate the increased mitochondrial oxidative capacity that occurs with exercise training. The pioneering study of Holloszy (1967) laid the foundation on which much of our present knowledge of exercise training -induced mitochondrial biogenesis has been based, and paved the way for new and future discoveries in the field.
CONCLUDING REMARKS: FUTURE CHALLENGES-KNOWLEDGE TRANSLATION AND HEALTH PROMOTION
During the past two decades, the application of molecular techniques to exercise biology has led to the identification of multiple molecular pathways with key roles in promoting exercise training-induced mitochondrial biogenesis. However, linking many of these signaling cascades to defined metabolic responses and specific changes in gene expression in skeletal muscle that occur after exercise has proved more difficult. This is because many of these pathways are not linear but are instead part of a complex network, with a high degree of cross talk, feedback regulation, and transient activation ). The advances of various "omics" approaches along with the application of com-putational and systems biology approaches to problems in exercise biology should facilitate future progress in this domain, but this will require the integration of data from multiple platforms and require large sample sizes, big data sets, and expertise in computational biology to resolve the complex biology associated with diverse exercise responses (Zierath and Wallberg-Henriksson 2015) . Although the health-promoting benefits of exercise have been recognized for centuries, direct evidence linking such effects to specific health outcomes and understanding how these effects exert their benefits in different populations remains elusive and a challenge for future research (Neufer et al. 2015) . A major step toward this goal will be to identify the molecules that are altered in key organs/tissues in response to exercise training and how these responses differ between individuals (i.e., high versus low exercise responders). In this regard, gene variants may set the upper limit to an individual's capacity to adapt to exercise training or even the desire/will to exercise. The interplay between genes and environment may alter our epigenome and impact our own health by modifying the transcriptional potential of a cell or organ to adapt to changes in any exercise training protocol (Zierath and Wallberg-Henriksson 2015) . Future research in the field of exercise biology requires increasingly sophisticated approaches to understand the critical nodes of energy homeostasis and how these pathways are up-regulated in response to exercise training and disrupted in a number of inactivity-related disorders . The results of such research will hopefully catalyze the advent of personalized exercise medicine by promoting health through improvements in individualized exercise prescription in combination with understanding the behavioral aspects of exercise adherence, which are the scope of this review. At present, the translation of our basic knowledge about exercise training-induced increases in mitochondrial biogenesis into improving the metabolic health of the general population has been mediocre, at best. Indeed, genetic and pharmacological manipulations of mitochondrial content or function have yielded conflicting results in muscle metabolic health, which remains a challenge to reconcile with the role of mitochondria in exercise-induced improvements in muscle fitness (see Neufer et al. 2015) . As such, this review extends previous challenges to the scientific community to bolster the translation of such knowledge to counter the epidemic of chronic inactivityrelated diseases Neufer et al. 2015; Zierath and Wallberg-Henriksson 2015) .
